Replication of human immunodeficiency virus type 1 requires the functional expression in trans of the virally encoded rev gene product (previously called art/trs). Here we demonstrate that this protein can be metabolically labeled with 32pi. The phosphate receptor in the rev protein is shown to be exclusively serine. Treatment of rev-expressing cells with phorbol ester, a specific activator of protein kinase C, led to significant but transient enhancement of the level of rev phosphorylation. These results indicate that the rev protein is posttranslationally modified in vivo and suggest that the level of this modification is subject to modulation by extracellular stimuli.
Protein phosphorylation is believed to be a major general mechanism by which external physiological stimuli affect intracellular events in eucaryotic cells (4, 17, 19, 23) . Binding of the appropriate ligand to a cell surface receptor can activate a tyrosine kinase activity intrinsic to the receptor itself (17) or, alternatively, induce the release of second messengers, such as cyclic AMP (cAMP) or diacylglycerol and Ca2+ (19, 23) . These, in turn, can lead to activation of serine-and threonine-specific protein kinases, such as cAMP-dependent protein kinase A or Ca2+-and phospholipid-dependent protein kinase C (19, 23) . Studies on the effect of phosphorylation on protein function have focused primarily on cytoplasmic proteins and cell surface receptors (4, 17, 19, 23) . However, it is clear that many nuclear proteins, including proteins thought to be involved in gene regulation, are also phosphorylated in vivo (9, 19, 21, 30) . It therefore appears possible that the variable phosphorylation of these trans-acting regulatory proteins has functional consequences for the regulation of cellular or viral gene expression and may, in fact, constitute one mechanism by which nuclear events are modulated by external stimuli (19, 30) .
The pathogenic human retrovirus human immunodeficiency virus type 1 (HIV-1) encodes several trans-acting regulatory proteins, of which at least two, termed tat and rev, are required for viral replication in vitro (10, 12, 22, 28) . Both of these viral gene products are predominantly localized within the nuclei of expressing cells (8, 16). The tat protein acts to greatly enhance the expression of viral or heterologous sequences linked to the HIV-1 long terminal repeat promoter element (1, 6, 16, 27). The rev (previously artltrs) gene product, in contrast, appears to act posttranscriptionally, possibly at the level of viral mRNA processing, to specifically regulate the expression of the viral structural gene products (11, 17a, 26) .
In this study we examined the phosphorylation of these two HIV-1-encoded trans-acting gene products. Previously described polyclonal rabbit anti-peptide antibodies (8, 16) were used to immunoprecipitate metabolically labeled tat and rev proteins transiently expressed in COS cells transfected with a tat expression vector (pgTAT) or a rev expression vector (pgREV) ( Fig. 1; 17a) . At 60 h posttransfection, the * Corresponding author.
cultures were starved for 0.5 h by using either Cys-medium (Dulbecco modified Eagle medium lacking cysteine and containing 10% dialyzed fetal bovine serum) or P04 medium (serum-free, phosphate-free Dulbecco modified Eagle medium). Subsequently, the cells were labeled for 1 h with either [35S]cysteine (300 ,uCi/ml) or 32p; (500 ,uCi/ml). The [35S]cysteine-labeled cultures were then lysed with radioimmune precipitation assay (RIPA) buffer (7) while the 32p-labeled cultures were lysed with RIPA buffer containing 50 mM sodium phosphate (pH 7.4). Immunoprecipitations with tat-and rev-specific anti-peptide antibodies were performed as previously described (7). Precipitated proteins were resolved by electrophoresis on a sodium dodecyl sulfate-14% acrylamide gel and visualized by autoradiography (Fig. 1) .
Analysis of the [35S]cysteine-labeled cultures (Fig. 1 , lanes 1 and 3) revealed that the anti-tat serum specifically precipitated an about 15.5-kilodalton protein from the pgTATtransfected culture, while the anti-rev serum specifically precipitated an about 19-kilodalton protein from the pgREVtransfected culture. These molecular masses correspond to the previously demonstrated relative molecular weights for these HIV-1 proteins (8, 11, 17a) . A phosphorylated protein of about 19 kilodaltons was specifically precipitated from the parallel 32Pi-labeled rev-expressing culture (Fig. 1, lane 4) .
However, no specific phosphoprotein was precipitated by anti-tat antibody treatment of the 32Pi-labeled tat-expressing culture (Fig. 1, lane 2) . This suggests that the HIV-1 rev protein, but not the viral tat protein, is phosphorylated in vivo.
To identify the phosphorylated amino acids present in the rev protein, a larger amount of the 32P,-labeled protein was isolated by immunoprecipitation, followed by acrylamide gel electrophoresis. The rev-specific band was excised from the gel, eluted, and subjected to acid hydrolysis. The To determine whether protein kinases involved in signal transduction could promote the level of rev phosphorylation in vivo, we first tested the ability of the protein kinase C activator 12-O-tetradecanoylphorbol-13-acetate (TPA) (3, 19, 20) to enhance specific incorporation of 32Pi into the rev protein. In this experiment (Fig. 3) , the transfected COS cultures were incubated in serum-free medium containing 1% growth factor-free bovine serum albumin for 16 h to P-SER
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rev protein was metabolically labeled with 32P as described in the text and isolated by immunoprecipitation and sodium dodecyl sulfate-acrylamide gel electrophoresis. The rev-specific band was passively eluted into 1.5 ml of 50 mM sodium phosphate containing 0.1% sodium dodecyl sulfate before hydrolysis with 6 N hydrochloric acid at 90°C for 2 h (5). The resultant labeled phosphoamino acid mixture was then resolved by thin-layer electrophoresis (5 reduce the basal level of protein kinase C activity (2). At the end of this preincubation, i.e., at 60 h posttransfection, the cells were exposed to either cysteine or phosphate-free, serum-free Dulbecco modified Eagle medium for 0.5 h. The cultures were then prelabeled with either 300 ,uCi of [35S]cysteine per ml or 500 ,uCi of 32p; per ml for 2 h in serum-free Dulbecco modified Eagle medium to permit equilibration of extracellular and intracellular pools of the labeled precursor (2). At that time, the medium of two cultures 'was supplemented to 10 pLM TPA and labeling was continued for a further 0.5 h.
Total cell extracts were prepared with RIPA buffer, and 50-,I portions were then precipitated with trichloroacetic acid, as previously described (7), to quantitate incorporated radioactivity. No In a second experiment, we examined whether preincubation of the cultures in serum-free medium was necessary to visualize the TPA-mediated enhanced incorporation of 32P, into rev and also tested the effect of a drug combination (1 mM dibutyryl cAMP and 0.1 mM 3'-isobutyl-1-methylxanthine) which has been shown (24) to specifically activate cellular cAMP-dependent protein kinase A (Fig. 3) . In this case, the transfected COS cultures were labeled as described for the experiment shown in Fig. 1, except Indeed, it has been proposed that only low levels of protein kinase C activity are associated with the nucleus (19). 4. i b i . 4 1 < xdi _TPA-enhanced phosphorylation of nuclear proteins, such as the rev gene product, may therefore not be directly mediated by protein kinase C itself but might instead reflect an additional step of signal transduction, resulting in activation of a nuclear kinase (19) . We did not examine the effect of variable phosphorylation on rev activity, and indeed, the role of rev in the regulation of HIV-1 gene expression remains controversial (11, 17a, 22, 26) . Nevertheless, the evidence that the level of rev phosphorylation is affected by treatment with TPA is intriguing in view of the observation that TPA is also an inducer of HIV-1 gene expression and replication in infected human T cells in vitro (15, 25, 29, 31 
